We present an all-oxide solar cell fabricated from vertically oriented zinc oxide nanowires and cuprous oxide nanoparticles. Our solar cell consists of vertically oriented n-type zinc oxide nanowires, surrounded by a film constructed from ptype cuprous oxide nanoparticles. Our solution-based synthesis of inexpensive and environmentally benign oxide materials in a solar cell would allow for the facile production of large-scale photovoltaic devices. We found that the solar cell performance is enhanced with the addition of an intermediate oxide insulating layer between the nanowires and the nanoparticles. This observation of the important dependence of the shunt resistance on the photovoltaic performance is widely applicable to any nanowire solar cell constructed with the nanowire array in direct contact with one electrode.
accumulating on the surface. Typical growth times ranged from 30-60 minutes, yielding wires that averaged from 400-1000 nm in length and 30-50 nm in diameter. After the growth, the nanowire arrays were rinsed thoroughly with deionized water, then annealed at 400°C for 30 minutes to remove any residual organics on the nanowire surface.
Cu 2 O Nanoparticles. The Cu 2 O nanoparticles (NPs) were prepared after the method of Yin et al 20 . A solution of copper (I) acetate (0.5 g), trioctylamine (15 mL) and oleic acid (Alfa Aesar, 99%, 4 mL) was flushed with nitrogen, then rapidly heated to 180°C under nitrogen flow. The solution was maintained at this temperature for 1 hour, then was quickly increased to 270°C and held for one additional hour, ultimately producing a burgundy colloidal solution, which are metallic copper nanoparticles. The solution was cooled to room temperature, at which point absolute ethanol was added to precipitate the nanoparticles. The supernatant was removed and the nanoparticles were redispersed in hexane and then exposed to air. After 12 hours, the burgundy solution turned into deep green, indicating the oxidation of the copper nanoparticles into Cu 2 O. The Cu 2 O nanoparticles underwent further cleaning by repeated precipitation with ethanol.
Finally, the nanoparticles were dispersed in toluene for dropcasting onto the ZnO nanowire arrays. Structural Characterization. Scanning Electron Microscopy was done on a JEOL JSM-6340F operating at 5 kV. Transmission electron microscopy was performed on a Philips CM200 FEG operating at 200 kV. X-ray diffraction was done on a Bruker GADDS D-8 diffractometer using Co K α radiation (λ = 1.79 Å).
Hall measurements were performed by preparing an annealed film of Cu 2 O NPs on an insulating glass substrate measuring 1 cm x 1 cm. The film was contacted at the corners and the resistivity measured in the presence and absence of a 5000
Gauss magnetic field. The carrier concentration, mobility and resistivity of the Cu 2 O film were extracted from these measurements.
Results and Discussion

Properties of the Cu 2 O nanoparticles
Pg 7 Figure 3 . Surprisingly, at temperatures greater than 250°C, we observed the appearance of Cu peaks in the XRD patterns. Figure 4B . Although a distinct photovoltage and photocurrent is seen with the cell, it is quite small; the efficiency of this cell is approximately 0.001%. We thus see that it is vital to increase the grain size in the Cu 2 O film even further. This could be most easily done by simply raising the annealing Pg 9 temperature. However, the previous issues of phase transformation stated above require a change to the annealing strategy.
To counter the effect of Cu 2 O reduction, higher temperature anneals (>250°C) were performed under a reduced partial pressure of oxygen. A 10% O 2 in argon gaseous mixture was used, and the system was placed under vacuum such that the total pressure of the annealing tube was 5 Torr (P O2 = 500 mTorr).
The XRD patterns of the resulting films are displayed in Figure 5 . In all cases, the cuprite phase (Cu 2 O) was the only one observed. In addition, the elevated annealing temperatures led to a larger reduction in the FWHM of the Bragg peaks. This implies a greatly improved sintering of the Cu 2 O NPs into a more continuous film, which will be very important for hole transport in the solar cell.
The improvement in the quality of the Cu 2 O films upon higher temperature annealing is also evident from the charge transport characteristics. Table 1 lists the carrier concentrations, mobilities, and resistivities acquired from Hall measurements performed on Cu 2 O films prepared on glass. The film composition was confirmed with XRD prior to Hall measurements. All of the films were pure Cu 2 O, and no metallic conductivity was observed. The beneficial effects from annealing at higher temperatures are seen in lower resistivities as well as moderately increased carrier concentrations. The mobility of the films was rather constant, and all of the films exhibited p-type behavior. Films annealed at temperatures lower than 250°C could not be measured in the Hall apparatus because the resistance between adjacent contacts was too high.
Solar Cell Performance and Analysis
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The thickness of the Cu 2 O films in the solar cells was tracked via optical absorption. Using a combination of UV-VIS absorption, profilometry, and crosssectional SEM measurements, we have calculated the optical absorption coefficient (α) to be 3.4x10 4 In a previous study involving polymer-inorganic hybrid solar cells 24 , we observed a notable increase in solar cell performance when an ALD layer of TiO 2 was applied to the ZnO NWs before polymer deposition. Although a similar effect is observed in this work, we believe the reason for this improvement is Pg 12 different in this case; for, while working cells could be obtained in the case of ZnO NW/polymer cells, we never obtained a working solar cell without TiO 2 when the Cu 2 O NPs were annealed at 250°C or higher. We believe the reason for this behavior lies in the fundamental resistances and electrical pathways in the cell.
In any solar cell, there are parasitic resistances that will contribute to loss of photovoltaic efficiency. They can be divided into the series resistance (R S ), which includes components such as resistance through the semiconductors, as well as metal-semiconductor contact resistance, and the shunt resistance (R SH ), which includes the resistance of alternate electrical pathways that do not contribute to the photocurrent. In an ideal solar cell, then, R S is zero, and R SH is infinite.
The major shunt pathway in our solar cell is the current passing directly through the Cu 2 O film and bypassing the ZnO NWs entirely (Al-Cu 2 O-ITO pathway). Using the resistivities obtained from the Hall measurements, we can approximate the expected shunt resistance using the height of the film and the area of the metal contacts. The absolute resistance, R, is related to the resistivity as follows: R = ρL/A, where ρ is the resistivity in Ω·cm, L is the length of the conduction pathway in cm, and A is the contact area in cm 2 . If we use the resistivity measured for the 300°C annealing condition listed in Table 1 , and the film and contact dimensions from the cell in Figure 7 , then we obtain a resistance of 2.4 Ω. This is an exceedingly small resistance, which in fact is dwarfed by the sheet resistance of the ITO substrate (~40-50 Ω/square). This may explain why Pg 13 the currents measured on the shorted devices always reflect a resistance of 40-50
Ω.
The characteristic resistance of a solar cell, R CH , is defined as 2 : R CH = V OC /I SC . If the series resistance is much larger than, or the shunt resistance much smaller than R CH , there will be major detrimental effects to the device performance. Using the values of V OC and I SC measured from the device in Figure   7 , we find a characteristic resistance of approximately 3500 Ω. This is far greater than the shunt resistance calculated for the Cu 2 O film. Even if the film is 10 times as thick, R SH would still be only about 24 Ω, well below R CH . By comparison, an earlier work 22 from our group involving a nanowire-based polymer-inorganic hybrid cell uses the same cell geometry but employs a polymer that is far more resistive than the Cu 2 O film. In this scenario, the shunt pathway still exists, but is likely less of a concern owing to the greater value of R SH .
It is likely, then, that the act of coating TiO 2 on the ZnO NW array forms a barrier at the base of the array (as well as on the wire sidewalls) that acts to sufficiently increase R SH such that working cells can be obtained. Of course, this barrier will also affect carrier extraction, but the similarity in band positions between ZnO and TiO 2 somewhat compensates for this.
The problem of the low shunt resistance has rather profound consequences for a solar cell constructed from a nanowire array. Figure 8 illustrates two similarly designed nanowire-based solar cells, with the difference being the presence of a blocking layer between the light absorbing material and the transparent electrode. The inter-wire spacing and necessary exciton diffusion length are similar in each case. However, without the blocking layer present, Pg 14 filling in the nanowire array with the second, light-absorbing (and conductive) component will introduce a shunt pathway. A solar cell with a nanowire array synthesized directly on an electrode without a buffer layer, such as in our ZnO NW synthesis, will lead to this scenario. If the resistivity of the filling material is rather large, as in the case of a polymer, then R SH will be comparatively larger, and may not have an overly detrimental effect on photovoltaic performance.
However, as the resistivity decreases, so will R SH . We thus see that while higherconductivity materials are desirable to facilitate charge conduction once the exciton is split, there will be an opposing, deleterious effect manifested in the lower shunt resistance.
Conversely, if a relatively non-conductive blocking layer is present, the previously described shunt pathway no longer exists, because the light-absorbing material can no longer be in direct contact with the back electrode. This scenario could be achieved by selectively depositing the blocking layer in between the nanowires (Fig 8) .
Finally, we performed stability tests of our ZnO/TiO 2 /Cu 2 O cells. J-V characteristics of two devices were tested, and then stored in ambient conditions for 6 months and re-tested. Very little degradation is observed in this timeframe, which is an encouraging result, given that a major purported advantage of an alloxide solar cell is its long-term environmental stability. It is probable, then, that if the overall efficiency of such cells could be increased, the enhanced performance would persist for many months thereafter.
Conclusions
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The all-oxide nanowire based-solar cell represents, in many ways, an ideal 
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The bottom-up synthesis of oriented nanowire array is one of the most elegant and versatile architectures for constructing practical nanoscale devices. However, it also introduces other complicating factors which must be addressed separately in order to fully realize effective nanowire-based photovoltaic devices. 
